Controlling Verticillium dahliae through irrigation systems should be an important measure within integrated management of verticillium wilt of olive in Spain. Pathogen content of water infested by V. dahliae conidia and sclerotia can be diminished following in vitro treatments with the disinfectants OX-VIRIN and OX-AGUA AL25. Three concentrations per disinfectant were assessed for their effectiveness under operational conditions of modern irrigated olive orchards. Sterilized potted soil was drip-irrigated with conidia-or sclerotia-containing water that was pumped from a storage tank and disinfected (or not, control) within the pipelines via metering pumps. The trial was carried out in autumn and spring for each type of propagule infesting the water. The inoculum dispensed through drippers and the total inoculum density accumulated in soil were estimated. Furthermore, the treated residual inoculum in soil was assessed for pathogenicity on olive plants. Conidial incorporation in soil was prevented by most disinfectant treatments in spring; while for sclerotia, prevention was observed only at the highest OX-VIRIN (51.2 mL L
Introduction
Verticillium wilt of olive (VWO; caused by Verticillium dahliae) is a well-known disease among olive growers in the principal cropping areas. In recent decades, the implementation of new methodologies and technologies in olive orchard management has led to an increase in the disease incidence and severity (L opez-Escudero & Mercado-Blanco, 2011; Tsror, 2011) . Transitioning from dry-land to irrigated olive orchards has been one of the factors enabling the increase of VWO epidemics in different olive cropping areas (Blanco-L opez et al., 1984; Al-Ahmad & Mosli, 1993; Serrhini & Zeroual, 1995) . Since VWO was first diagnosed in Andalusia (southern Spain), several surveys have been carried out in this region, reporting a significantly higher disease incidence and occurrence of the highly virulent defoliating (D) pathotype of V. dahliae in irrigated compared to dry-land olive orchards L opez-Escudero et al., 2010) .
Andalusia leads the world in olive and olive oil production and exports. About 37% of the nearly 1.6 million ha dedicated to olive cultivation is currently under irrigation, drip-irrigation being the most widely used system (MAPAMA, 2015) . Typical drip-irrigation systems of this region include a pumping station that collects water from surface (natural ponds, rivers or man-made canals) or subterranean (wells) sources, an optional storing pond that allows scheduling of irrigation to make better use of the water, an irrigation station with filters and fertigation equipment, and a distribution network with polypropylene pipelines close to the trunks of the olive trees (Serrano et al., 2005) .
Among the mechanisms contributing to the positive relationship between irrigation and VWO, the spread and introduction of inoculum to the root system through irrigation waters must be considered. Rivers, streams and natural ponds, as well as man-made reservoirs, canals or even wells, constitute a long-distance means for dispersal of V. dahliae propagules, enabling its introduction into pathogen-free soils (Rodr ıguez-Jurado & BejaranoAlc azar, 2007; Garc ıa-Cabello et al., 2012; Baroudy et al., 2018) . In Andalusia, Rodr ıguez-Jurado & Bejarano-Alc azar (2007) reported the presence of V. dahliae propagules in irrigation waters supplied from surface and subterranean sources in 85.7% of the surveyed olive orchards. These irrigation waters harboured average levels of 3159 micropropagules (<20 and ≥1.2 lm in size) and 1.5 sclerotia (≥20 lm in size) of V. dahliae per m 3 . Garc ıa-Cabello et al. (2012) demonstrated that the pathogen was capable of surviving and dispersing as viable sclerotia when moved medium and long distances from a pumping station to research plots. Furthermore, Rodr ıguez-Jurado et al. (2008) showed that infested water sources used for irrigation of regional olive and cotton groves contained a significantly higher proportion of D (81%) than non-defoliating (ND) strains (12%).
Typical integrated management for pathogens present in irrigation water includes a combination of physical, chemical, cultural and biological approaches (Hong & Moorman, 2005) . Several studies aimed at assessing the efficacy of different disinfection methods in closed cultivation systems have used V. dahliae as a test pathogen. Water disinfection, either by heating to 90°C for 10 s, by applying 20 g ozone h À1 for 210 min, or by applying a UV-dose of 430 mJ cm À2 , was effective at reducing (≥74%) infections caused by conidia and mycelium, but its effect was irregular against V. dahliae sclerotia (Ehret et al., 2001 ; and references therein). The installation of filtration systems is a widespread practice aimed at preventing the clogging of drippers. It has been demonstrated that commercial sand filters fail to prevent V. dahliae spread through drip-irrigation systems of Andalusian olive orchards (Garc ıa-Cabello et al., 2012) . On the other hand, treating V. dahliae-infested water with some disinfectants, namely OX-VIRIN and OX-AGUA AL25, reported potential efficacy in reducing the propagules of the fungus, which was enhanced by increasing both the exposure time and the concentration of the product. Conidia and sclerotia of various V. dahliae isolates differing in virulence were effectively reduced when OX-VIRIN or OX-AGUA AL25 were applied to water at some concentrations under laboratory conditions (Santos-Rufo & Rodr ıguez-Jurado, 2016; .
OX-VIRIN and OX-AGUA AL25 are based on hydrogen peroxide in combination with other oxidizing and non-oxidizing agents, respectively. The interest in hydrogen peroxide as an environmental disinfectant has increased due to, among others attributes, the ease of implementing treatment, the broad spectrum of activity and the absence of persistent toxic by-products (Leggett et al., 2016) . Disinfectants could be applied to ponded water or injected into the irrigation system to control V. dahliae in water within the framework of the irrigation technique used in Andalusia. A significant reduction of V. dahliae conidia was reported when OX-VIRIN and OX-AGUA AL25 were applied directly into ponded infested water under spring conditions in Andalusia (Santos-Rufo & Rodr ıguez-Jurado, 2016) . Furthermore, the application of these disinfectants through watering reduced the fungus in soil and did not cause phytotoxicity on potted Picual and Arbequina olive plants under growth chamber conditions . These studies have provided some aspects for the selection of proper dosages and adequate application strategies directed to ponded water. However, the evaluation of OX-VIRIN and OX-AGUA AL25 when directed to water within the drip-irrigation network is still pending. In Andalusia, most growers and nursery producers are used to applying chemical compounds through dripirrigation networks via metering pumps, for example to fertigate or prevent dripper clogging. Therefore, the injection of disinfectants into the drip-irrigation network could be a feasible, short-term method to be included within integrated management of verticillium wilt in fields where the pathogen is present in the water sources.
To this aim, several concentrations of OX-VIRIN and OX-AGUA AL25 were assessed for their efficacy in preventing introduction and reducing accumulation of different V. dahliae propagules through drip-irrigation in different seasons. Furthermore, the inoculum incorporated to the soil was subsequently assessed for its capacity to cause infection and expression of disease symptoms on olive plants.
Materials and methods

Verticillium dahliae isolates and inoculum production
A pool of three V. dahliae isolates was used in this study: VO175, VO145 and VO161. The isolates were collected from irrigation waters of olive orchards in previous surveys conducted throughout southern Spain and characterized on olive plants as ND (VO175) or D (VO145 and VO161) pathotypes (Moraño-Moreno et al., 2011) . VO175-ND and VO145-D were chosen for their high prevalence in the sampled waters, and VO161-D as the most virulent isolate belonging to the D pathotype. Fungal cultures were obtained from the collection of the Area of Sustainable Crop Protection, IFAPA 'Alameda del Obispo' Centre (Cordoba, Spain) . Active cultures were obtained by refreshing stored colonized plugs (plum-extract agar plugs submerged in liquid paraffin at 4°C in darkness) on chlortetracyclineamended (30 mg L
À1
) water agar and further subculturing on potato dextrose agar (PDA; 250 g potato, 20 g agar and 20 g glucose per litre of distilled water) at 24 AE 1°C in darkness for 14 days.
Either conidia or sclerotia of V. dahliae were used as inoculum source to infest irrigation water depending on the trial (see below). For preparing conidial suspensions, PDA colonized plugs (0.5 mm in diameter) were added to 1 L flasks containing 250 mL potato dextrose broth (PDB; 250 g potato and 20 g glucose per litre of distilled water) and incubated at 125 rpm on an orbital shaker (Multitron Standard) at 24 AE 1°C in darkness for 7 days. The colonized PDB was then filtered through double cheesecloth and spores counted with a Neubauer chamber. A conidial suspension of 2400 mL at approximately 2 9 10 8 conidia mL À1 was obtained. (0.5 mm in diameter) were added to 1 L flasks containing 450 g sterilized substrate consisting of cornmeal, 2-4 mm diameter silica beads, and distilled water (CSW) in a ratio of 1:9:2, respectively, by weight. The infested CSW was incubated at 24 AE 1°C in darkness for 40 days, and homogenized thereafter in 500 mL autoclaved tap water using a Waring blender. The blended medium was passed through a nested set of filters consisting of an 800 lm Filtra sieve (20 cm in diameter) followed by two Sefar Nitex nylon membranes of 125 and 41 lm mesh size (40 9 60 cm in area). The residues retained in the 800 and 125 lm filters were comminuted and filtered again. The remaining suspension on the 41 lm membrane was washed off and sclerotia counted with a Nageotte chamber. A sclerotial suspension of 7500 mL at approximately 3.2 9 10 4 sclerotia mL
was obtained.
Tested disinfectants and concentrations
OX-VIRIN and OX-AGUA AL25 (hereinafter abbreviated to OV and OA, respectively) were used as they were the products showing the highest efficacy in reducing water infestations by V. dahliae in previous studies (Santos-Rufo & Rodr ıguez-Jurado, 2016; . OV, a disinfectant based on H 2 O 2 (25%) in combination with peracetic acid (8%) and acetic acid (5%), was evaluated at 3.2, 12.8 and 51.2 mL L
À1
. OA, an algaecide consisting of H 2 O 2 (5%) and cationic surfactants (25%), was tested at 1.25, 3.76 and 11.27 mL L
. Untreated water was used as a control treatment.
Trials of water disinfestation through an irrigation system
Four trials were performed under natural environmental conditions in an experimental field at the IFAPA 'Alameda del Obispo' Centre in Cordoba (Spain). The trials varied according to the type of V. dahliae inoculum used and the season in which they were conducted: conidia in autumn (trial 1) and spring (trial 2), and sclerotia in autumn (trial 3) and spring (trial 4).
Potted soil was drip-irrigated using V. dahliae-infested water pumped (SHURflo 8000-543-250; MERKASOL S.L.) from a storage tank and treated within the irrigation network by means of metering pumps (Invicta Classic; Baeza S.A.; Fig. 1 ). Soil was manufactured by mixing sieved (2 mm pore size) loam and peat in a 2:1 ratio (v:v) and dry-heated at 105°C for 72 h prior to use. A closed 120 L polyethylene tank was either 2/3-filled or filled with conidia-or sclerotia-containing water, respectively (conidial or sclerotial suspension diluted in 77.6 L or 112.5 L of autoclaved water, respectively), resulting in a final concentration of inoculum in the tank that accounted for about 6 9 10 6 conidia mL À1 or 2 9 10 4 sclerotia mL
À1
, depending on the trial. The tank was buried to avoid high temperatures and its whole content was renewed weekly or biweekly for conidia or sclerotia, respectively. The irrigation network consisted of seven independent polypropylene pipelines, each equipped with a metering pump that injected the respective treatment (two products 9 three concentrations + untreated control) within the infested water stream. Each pipeline supplied water to four pots (16 L; 30 cm in diameter), on each of which three pressure compensating drippers (flow = 1.3 L h À1 ) were equidistantly placed. Thus, each trial was arranged in a single factor experimental design with four replications (pots) per treatment (Fig. 1) . The irrigation network was renewed for each trial and a waterproof canvas was placed above the pots to protect them from rain.
The described system was automatically controlled by connecting all the pumps to an irrigation programmer (Agr onic 2000; Sistemes Electr onics Progr es S.A.) that was set to irrigate each pot with a daily water volume of 325 mL (estimated as the volume required to replace the daily water amount lost by evaporation at a constant temperature of 28°C). At the beginning of the programmed irrigations, soil was hand-watered to 65% field capacity (14.3% dry weight) according to Santos-Rufo et al. (2017) . The irrigation period lasted 4 or 5 weeks depending on whether sclerotia or conidia were used, respectively. Soil temperature (at a depth of 10-15 cm) was measured for each treatment and recorded hourly using a data logger (Em50 Data Logger; Decagon Devices, Inc.) with a probe.
The accumulation of total inoculum density (ID) was monitored in the soil over time. Soil was sampled 1 day after the first irrigation event and weekly thereafter until the end of the trial. In each pot, three 15 g soil samples were collected from the 5 to 15 cm depth profile using a gouge auger in the area between drippers. Subsamples were hand-crumbled, thoroughly mixed, and stored at 4°C until processed. Soil dilution plating onto semiselective medium for V. dahliae (modified sodium polypectate agar, MSPA; Butterfield & DeVay, 1977) was used for quantification. Briefly, a sample aliquot of 10 g was suspended in 40 mL agar solution (1 L sterile distilled water and 1 g agar) and homogenized by agitation in a vortex. This suspension was diluted up to five times using 5-fold serial dilutions, and 1 mL aliquots were transferred to each of five Petri plates containing MSPA medium. Plates were incubated for 21 days at 24 AE 1°C in darkness and colony-forming units (CFU) of V. dahliae were counted under stereoscopic microscope at 915 magnification. The ID was expressed as the number of V. dahliae colonies per g of dry soil (CFU g À1 dry). To determine the dry soil weight, a sample aliquot of 20 g was dried to a constant weight at 105°C and then weighed.
In addition to ID monitoring in the soil, the fungal population was assessed in the water of each treatment at the beginning and end of the experiment. For this, the flow of the drippers of each treatment was derived and collected in two additional programmed irrigation events. For treatments including chemicals, the collected water was immediately amended with 1% (w:w) sodium thiosulphate to neutralize the oxidative effect of the products. Two 100 mL subsamples were collected from the volume irrigated by each treatment pipeline. This suspension was diluted up to five times by suspending 10 mL in 90 mL agar solution (10-fold serial dilutions) and homogenizing by agitation in a vortex. From the initial suspension and each dilution, 1 mL aliquots were transferred to each of 10 Petri plates containing MSPA. Colonies were counted after incubation as described above.
Experiments with olive plants grown in soil pre-irrigated with disinfested water
The soil from trials 1-4 was used as a growing substrate for olive plants to assess the capacity of the inoculum accumulated in soil (residual inoculum) to cause disease. Potted soil was first left to dry (pots were kept in a climatized chamber for 60 days at 26 AE 2°C) to promote the presence of sclerotia (Willetts, 1971; Santos-Rufo et al., 2017) , and thereafter 6-month-old rooted cuttings were transplanted into it (three olive plants per pot). Due to a limitation at the time of obtaining plant nursery stocks, two different olive cultivars had to be used. Thus, Arbequina or Picual cuttings were planted depending on whether the soil belonged to autumn or spring trials, respectively. These cultivars have been found to be highly susceptible and susceptible to D V. dahliae, respectively, and susceptible and moderately resistant to ND V. dahliae, respectively, under controlled conditions in artificial inoculation tests (L opez-Escudero et al., 2004) . Plants were maintained in a growth chamber at 22 AE 2°C, 45-85% relative humidity and 14 h photoperiod of fluorescent light for 270 days. Olive cuttings grown in autoclaved soil were included as negative control in all experiments. Plants were irrigated with tap water as needed and fertilized weekly with Hoagland's nutrient solution. The experimental design within the growth chamber was maintained with respect to the previous outdoor trials.
Severity of symptoms was assessed biweekly in individual plants using a 0-4 rating scale based on the percentage of aerial symptoms of chlorosis, wilting, defoliation and/or necrosis: 0 = no symptoms, 1 = 1-33%, 2 = 34-66%, 3 = 67-100%, and 4 = dead plant (Rodr ıguez-Jurado, 1993). The final disease incidence (percentage of plants with visual symptoms at the end of the experiment; DI) was estimated for each treatment. Plant infection by V. dahliae was confirmed by pathogen reisolation from twigs with symptoms from diseased plants during the observation period, as well as from roots and twigs of all the plants at the end. Washed pieces of roots (eight roots per plant, eight pieces per root) and debarked pieces of twig (20 pieces per plant) were plated onto chlortetracycline water agar medium and microscopically observed after incubation at 22 AE 2°C in the dark for 9 (stem) or 21 (root) days according to Rodr ıguez-Jurado (1993). The infection incidence (percentage of plants infected in root or stem; RII or SII, respectively) and colonization index (percentage of plated root or stem pieces yielding V. dahliae colonies with respect to the total number of root or stem pieces plated; RCI and SCI, respectively) were calculated for each treatment.
The ID in the soil was monitored at the time of transplanting and on a quarterly basis thereafter following the soil dilution plating described above. Additionally, level of both sclerotia (≥20 lm) and other less persistent fungal structures (micropropagules; <20 and ≥1 lm) were quantified separately at the beginning and end of the 270 day period. Propagules were collected by filtering through two nested membranes (20 and 1 lm mesh size) placed in a Millipore analytical filter holder connected to a suction pump, as described by Santos-Rufo et al. (2017) .
Data analysis
For each treatment, the ID values were expressed as log (CFU g À1 dry +1) and adjusted to a mathematical model that best described their accumulation in soil over time. The Akaike's information criterion and the pseudo-R 2 parameter were used to evaluate the appropriateness of the model. The area under the inoculum progress curve was calculated by trapezoidal integration and expressed as percentage relativized to control (AUIPCr) (Santos-Rufo et al., 2017; G omez-G alvez & Rodr ıguez-Jurado, 2018). Differences among treatments were determined with the nonparametric Friedman test. When differences were significant, a Mann-Whitney U-test for paired-group comparisons was performed. A P value ≤0.05 was considered significant. Mathematical modelling and nonparametric tests were conducted using SPSS v. 22 (IBM corporation) and STATISTX v. 10 (Analytical Software), respectively. Statistical analyses were not performed for disease parameters because there was not enough degree of freedom for error.
Results
Effect of water disinfestation on inoculum introduction and accumulation in soil
The irrigation system used in this study effectively pumped, distributed and treated the infested water. The average daily volume of infested and treated water supplied to pots ranged between 319 and 375 mL, depending on the trial. Exceptionally, a technical breakdown in trial 3 reduced the supply to around 80% (261 mL) of the desired volume. The soil moisture content was 16.3%, 16.5%, 12.6% and 15.9% averaged for trials 1-4, respectively. Untreated water collected from drippers harboured an amount of V. dahliae inoculum one logarithmic unit lower than the inoculum level disposed in the tank, except in trial 4 where sclerotia level in water was similar at both points of the irrigation system (Table 1) . Disinfectant treatments reduced the fungus by 98.1-100% through irrigation pipeline and, overall, when V. dahliae was detected in water, it was also found in soil. The progress of inoculum density in soil is shown in Figure 2 . The accumulation of V. dahliae conidia and sclerotia in soil was significantly reduced by more than 99% and 95%, respectively, when infested water was treated at any of the tested concentrations of both chemicals (Table 1 ). The applications of OV at 12.8 or 51.2 mL L À1 and OA at 11.27 mL L À1 provided the highest and most consistent efficacy throughout the four trials. Indeed, they always maintained the ID in soil below 5 CFU g À1 dry or, most frequently, at unquantifiable numbers, depending on the irrigation time (Fig. 2) . For the lowest concentrations, the efficacy varied slightly with the type of inoculum infesting the water and the season in which the trial was conducted. OA applied at a rate of 3.76 mL L À1 or lower prevented (no detectable inoculum either in soil or water) conidial incorporation in soil under spring conditions, but a small amount of conidia reached the soil when the trial was conducted in autumn (Fig. 2) . Even so, this amount represented less than 1% of that incorporated in the control treatment. Similarly, OV injected at 3.2 mL L À1 into sclerotiainfested water significantly reduced the ID by 99.9% and 95.7% in soils of the spring and autumn trials, respectively.
The progress of ID in soil was satisfactorily fitted to a mathematical function only in soils subjected to untreated-infested watering (Fig. 3) . In general, the ID showed an initial increase followed by a plateau at which it remained stable despite concurrent arrival of additional inoculum through irrigation. The model that best summarized this pattern was a one-phase exponential association function given as: Figure 2 Effect of applying OX-VIRIN (OV) or OX-AGUA AL25 (OA) to Verticillium dahliae-infested water through irrigation system on the inoculum accumulation in soil. Conidia-or sclerotia-infested water and different disinfectant concentrations were evaluated for up to 35 days under autumn or spring conditions. Data points represent mean values of log-transformed colony-forming units (CFU + 1) (n = 4) and bars denotes the standard error.
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where y is log (CFU g À1 dry +1), t is the independent variable corresponding to the irrigation time measured in days, p 1 is the parameter related to the plateau where the ID in soil becomes constant, and p 2 is a rate constant that modulates the initial phase of the curve. This plateau could not be estimated in trial 3, where sclerotia density in soil followed a constant increase for 28 days. In this case, a linear regression model best described the trend (y = 0.0903t). Even so, it could be presumed that this linear trend corresponds to the initial lineal increase observed in the one-phase exponential association model, which is represented by the line with slope equal to p 1 9 p 2 and interception at t = 0. Thus, the exponential function in trial 3 could be assumed as y = p 1 (1 À exp (À0.0903t/p 1 )).
It was observed that ID accumulation rate followed a similar pattern when trials were carried out under the same season, i.e. under similar temperature conditions. Thus, the ID estimated in soil followed a lower rate of increase in trials conducted under autumn temperatures (mean soil temperature ranging between 5.7 and 17.8°C), whereas it was more abrupt under spring temperatures (18.0-24.9°C; Fig. 3 ). A significant relationship was observed between the slope of the initial phase of the ID accumulation curve and the mean soil temperature (Pearson correlation coefficient = 0.9539, P = 0.0461).
Effect of residual inoculum on the development of verticillium wilt
Filtration analyses revealed higher presence of sclerotia (≥20 lm) than micropropagules (<20 and ≥1 lm) at the beginning of experiments with olive plants (Table 2 ). Residual inoculum decreased drastically during the experiments, especially in soils pre-irrigated with conidia-containing water, where the decline ranged between 91.2% and 100%, depending on the disinfectant treatment. All inoculum levels estimated during the 270 days plant evaluation period were higher in soils previously subjected to untreated water (control soils) than in soils previously subjected to disinfested watering. These differences were statistically significant (P < 0.05) in the vast majority of cases. The pathogen was not detected either in soils pre-irrigated at the highest concentration of each disinfectant, or in soils pre-irrigated with conidiacontaining water and treated with OV at 12.8 mL L À1 . Visual symptoms of verticillium wilt were observed only on plants grown in soils previously subjected to untreated sclerotia-containing water ( Table 2 ). The first expression of symptoms was exhibited after a diseasefree period of approximately 60 days in both experiments. A progressive defoliation of green leaves was the most common symptom observed. Leaf necrosis and wilting without defoliation also occurred to a lesser extent. Although a higher DI was reported in experiment 4 (50%) than experiment 3 (25%), the mean severity of symptoms (2.83 and 2.89 for experiment 3 and 4, respectively) and the percentage of dead plants (66.6% and 57.1%, respectively) were similar among the plants with visual symptoms.
Plant infection was verified by the reisolation of V. dahliae from stem tissues and especially from the root system of plants with and without symptoms. The fungus was reisolated to a different extent depending on the propagule and chemical treatment applied in the previous trial (Table 2 ). The total number of positive-diagnosed plants was 5-fold higher in soils pre-irrigated with sclerotia (30 plants) than conidia (six plants), even when the inoculum levels (ID, SD or MpD) did not differ considerably among both types of soil. The reisolation of V. dahliae was achieved to a higher extent when olive plants grew in control soils than in soils previously irrigated with disinfested water. The presence of V. dahliae was confirmed in the vascular system (stem pieces) of every plant with symptoms. At the end of the experiment, the number of control plants infected in the root was higher than the number of control plants with symptoms. Olive plants in soils pre-irrigated with disinfested water were positive-diagnosed only in the root or were not infected. As an exception, the fungus was reisolated from two stem pieces (0.8%) in one Picual plant grown in soil subjected to sclerotia-infested water OA-treated at 1.25 mL L À1 . Verticillium dahliae was never recovered from plants in soils previously subjected to the highest concentration of both disinfectants.
Discussion
Verticillium dahliae was detected for the first time in 2005 in irrigation water of olive orchards and other host crops in southern Spain . Controlling the fungus in irrigation water has become necessary ever since, and some studies have already been carried out in this respect. Direct application of OV and OA into water partially reduced infestations by sclerotia in vitro and by conidia in ponded water under spring conditions (Santos-Rufo & Rodr ıguez-Jurado, 2016; . The efficacy of those disinfectants at different concentrations (OV at 3.2, 12.8 and 51.2 mL L À1 , and OA at 1.25, 3.76 and 11.27 mL L À1 ) was evaluated here to improve their implementation within the current framework of the olive orchard dripirrigation systems in Andalusia. Results provided reliable evidence of the efficacy of OV and OA injected into drip-irrigation systems in reducing the spread of the pathogen, which was enhanced by increasing the concentration of the disinfectant. Conidia introduction into soil was prevented at almost all disinfectant concentrations in spring, while for sclerotia the prevention was reached only at the highest concentrations, especially in autumn. The remaining treatments highly reduced, but did not prevent, the accumulation of V. dahliae inoculum in soil, which decreased infection and did not cause expression of symptoms on olive plants for a period of 270 days.
Most evaluations testing efficacy of chemicals against pathogens in water have been focused under in vitro conditions and limited studies have been conducted under conditions that resemble actual irrigation scenarios. There are studies that highlight the variability in efficacy of water disinfestation to control microbes in deionized water compared to dam water (Scarlett et al., 2016) or in vitro compared to greenhouse conditions (Bennett et al., 2011) . Disinfectants used in this present study were chosen for being the products that showed more promising results in suppressing and preventing water infestations by V. dahliae conidia (Santos-Rufo & Rodr ıguez-Jurado, 2016) or sclerotia (G omez-G alvez et al., 2018) in previous laboratory evaluations. SantosRufo & Rodr ıguez-Jurado (2016) reported that the conidial level of a collection of V. dahliae isolates was reduced rapidly (at 1 min of exposure time) to undetectable values when infested water (1 9 10 5 conidia mL À1 ) was treated with OV at 3.2 mL L À1 or with OA at 0.42 mL L À1 . However, the same OV concentration greatly reduced the amount of conidia in water but it was insufficient to prevent the inoculum incorporation into soil. Likewise, although conidia were not detected in water treated at 11.27 mL L À1 of OA, this concentration did not prevent the arrival into soil of a small amount of inoculum. Interestingly, similar disinfestation efficacy against sclerotia was observed both under natural and in vitro conditions. In previous studies, the content of sclerotia in infested water (1.5 9 10 4 sclerotia mL À1 ) was reduced by 85.6% or 63.9% after a short in vitro exposure to OV at 3.2 mL L À1 or OA at 1.25 mL L À1 , respectively (G omez-G alvez et al., 2018) . These same concentrations caused a reduction here of above 98.1% after the short contact time during which disinfectant and inoculum concurred within the irrigation pipeline. On the other hand, it should be noted that V. dahliae was not detected in water (minimum detection threshold Plant Pathology (2019) 68, 116-126 of 0.05 CFU mL À1 ) treated at the highest concentration of each disinfectant, but it was quantified in soil at some recording times. This result could be due to occasional escapes from disinfectant action during the irrigation. Regardless of the above, all disinfectant treatments tested here clearly reduced the fungus in water and its accumulation in soil in the long run.
Rodr ıguez-Jurado et al. (2008) found seasonal fluctuations in the V. dahliae inoculum present in irrigation waters of olive orchards in Andalusia. A regression analysis conducted between inoculum viability in ponded water and daily accumulated water temperature provided evidence of a simple negative linear relationship with a R 2 = 0.828 under simulated field conditions (SantosRufo & Rodr ıguez-Jurado, 2016). A strong relationship between temperature and detection in natural sources of water has also been shown for other phytopathogens in the conditions found in Spain (Caruso et al., 2005) . In this research, a seasonal influence was observed on the inoculum accumulation pattern in soil. Temperature could be the main factor accountable for the variations between seasons, i.e. by affecting propagule survival a Soil from previous trials conducted in autumn (trials 1 and 3) or spring (trials 2 and 4) was left to dry and subsequently used in four experiments as growth substrate for Picual and Arbequina olive plants, respectively. The total inoculum (ID), sclerotia (SD) and micropropagule (MpD) density of V. dahliae estimated in soil are presented as soil-inoculum parameters. Plant disease parameters included: plants with expression of disease symptoms (disease incidence; DI), plants with root or stem infection (root or stem infection incidence; RII or SII, respectively), and root or stem pieces yielding V. dahliae colonies with respect to the total number of pieces examined per plant (root or stem colonization index; RCI and SCI, respectively). b In previous trials, soil was irrigated with conidia-or sclerotia-infested water treated with OX VIRIN (OV) or OX AGUA AL25 (OA) at the concentrations indicated after the hyphen (mL L
À1
). c Different letters in the same column denote significant differences between disinfectant treatments according to Mann-Whitney U-test.
Plant Pathology (2019) 68, 116-126 within the irrigation pipeline and the fungus survival in soil. It is known that the optimum in vitro growth range of V. dahliae is 21-27°C depending on the strain (Isaac, 1966; Bejarano-Alc azar et al., 1996) . In the present study, records of soil temperature ranged between a minimum of 13°C and a maximum of 33°C in spring (average temperature of 22°C), and between 0 and 22°C in autumn (average 11.5°C). Maximum soil temperatures may have limited the survival of conidia in spring compared to autumn according to the lower final ID values observed in control soils. Conversely, sclerotia survival could have been restricted by minimum temperatures in autumn, although this fact cannot be firmly assumed because of the pump malfunction which occurred in trial 3.
One interesting finding from this study is that conidia introduced to soil via irrigation may become a source of sclerotia formation in soil; up to 288.38 sclerotia g À1 were estimated in soil previously irrigated with conidiainfested water. Germination of V. dahliae conidia has been observed on sterilized soils but not on unsterilized ones (Van Wyk & Baard, 1971) , and is dependent on temperature and water availability (Mozumder et al., 1970) . Suitable moisture and temperature conditions in soil in the present research may have led conidia to germinate in soil during the irrigation period, or even within the storage tank. The mycelium generated could have differentiated later into sclerotia due to water-stress conditions during the drying time (Willetts, 1971) . A higher presence of sclerotia (≥20 lm) than micropropagules (<20 and ≥1 lm) was revealed at the end of the dry period. This is in accordance with Santos-Rufo et al. (2017) , who corroborated a higher persistence of sclerotia compared to other structures of V. dahliae during summer in the conditions of Andalusia. On the other hand, micropropagules (<20 and ≥1 lm) were found at the end of the dry period in all the trials, which indicates that drying at a constant 26°C for 60 days was not enough to remove these structures. The detection of micropropagules in soils pre-irrigated with sclerotia-containing water is justified by the fact that sclerotia germinated and sporulated after the wetting events (Ben-Yephet & Pinkas, 1977) that occurred in the soil during the experiments with the olive plants. Also, germination might have taken place in water within the storage tank as seen in previous studies (G omez-G alvez et al., 2018) . The strong drop in propagule levels in soil found during the experiments with the olive plants was also observed in other studies in which sterile or pasteurized soil was used (Santos-Rufo et al., 2017; .
Despite both types of propagules being detected in all experiments, plant infection was found to a different extent depending on the type of V. dahliae inoculum and the disinfectant treatment applied during the irrigation period with infested water. L opez-Escudero & Blanco-L opez (2007) addressed the relationship between the sclerotia density of V. dahliae in soil and the progress of verticillium wilt of olive, concluding that densities greater than 3 sclerotia g À1 must be considered as threatening for olive trees. This threshold was overcome in control soils throughout the period with olive plants. However, expression of verticillium wilt symptoms and plant death were observed only in olive plants grown in soil pre-irrigated with sclerotia. Values below the mentioned threshold, found in almost all the treated soils, did not result in expression of disease symptoms but caused root infection, especially in experiments with soil pre-irrigated with sclerotia. The lower efficiency of sclerotia formed from germinated conidia causing verticillium wilt symptoms and infection could be explained by a lower potential of these structures to germinate repeatedly in soil and penetrate the root. A more detailed study should be carried out to ascertain the biological threshold (defined as the amount-type combination of inoculum according to Hong & Moorman (2005) ) of V. dahliae inoculum present in irrigation water associated with subsequent disease development on olive trees. This research provides a novel approach to verticillium wilt management in olive orchards irrigated with infested water by V. dahliae. Injection into the irrigation system of peroxygen-based products has shown to be an effective water disinfection technique to prevent the pathogen introduction, reduce its accumulation in soil, and decrease the systemic infection to levels that do not cause expression of verticillium wilt symptoms on young olive plants in the conditions studied. Disinfectant application could be recommended depending on the amount, type of inoculum and season. Other factors such as the origin and quality of water may affect the inoculum inlet, its viability through the system, the disinfectant sensitivity and/or the contact between the active ingredient and the target structure. These factors vary strongly between orchards and, therefore, each case would need to be studied individually. As Hong & Moorman (2005) claimed, a fee-based service or a simple, user-friendly, do-it-yourself system allowing growers a rapid and accurate identification of plant pathogens in water would greatly help.
